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ABSTRACT
The possibility of performing fast and small-volume
nucleic acid amplification and analysis on a single
chip has attracted great interest. Devices based on
this idea, referred to as micro total analysis,
microfluidic analysis, or simply ‘Lab on a chip’
systems, have witnessed steady advances over the
last several years. Here, we summarize recent
research on chip substrates, surface treatments,
PCR reaction volume and speed, architecture,
approaches to eliminating cross-contamination
and control and measurement of temperature and
liquid flow. We also discuss product-detection
methods, integration of functional components,
biological samples used in PCR chips, potential
applications and other practical issues related to
implementation of lab-on-a-chip technologies.
INTRODUCTION
In many cases, ampliﬁcation is indispensable for the
analysis of nucleic acids. Currently, nucleic acid ampliﬁca-
tion methods include but are not limited to polymerase
chain reaction (PCR) (1), strand-displacement ampliﬁca-
tion (SDA), nucleic acid sequence-based ampliﬁcation
(NASBA), rolling-circle ampliﬁcation (RCA) and the Qb
replicase reaction. Among these methods, PCR has been
the most popular due to its simplicity; however Peltier
eﬀect or metal-block-based PCR system are characterized
by high thermal mass, large reaction volume and thus slow
heating/cooling rates. The PCR speed can be improved
by increasing the heat transfer rate or decreasing
the thermal mass. With the advent of micro-electro-
mechanical-systems (MEMS) technology, the develop-
ment of miniaturized PCR chips becomes possible (2,3).
The miniaturization of PCR devices oﬀers several
advantages such as short assay time, low reagent
consumption and rapid heating/cooling rates, as well as
great potential of integrating multiple processing modules
to reduce size and power consumption. The number of
publications on PCR chips has grown rapidly recently,
and the articles are spread over a large number of
journals. The development of PCR microchips has been
discussed in recent reviews (2–4). In this article, we will
review the latest advances and future trends based on
literature published since January 2005. In addition, we
will also discuss some practical issues related to the
development of PCR chips. As a supplement to this
review, the reader may wish to refer to several reviews of
general microﬂuidic technologies (5–9).
The organization of this article is as follows. First,
several important topics on the microﬂuidic PCR chips
will be presented. Those topics, which are crucial in the
development of PCR chips, include chip substrates and
surface treatments, PCR chip architecture, on-chip PCR
reaction volume and reaction speed and approaches to
eliminating cross-contamination. Then, the temperature
and ﬂuidic controls and measurements in PCR chips are
discussed, which include thermal insulation, evaporation
and gas-bubble formation and measures to counteract
these phenomena, semi-invasive or noninvasive tempera-
ture and ﬂuidic measurements and numerical simulation
of temperature and ﬂuid ﬁelds in PCR chips. Finally,
product detection methods used in PCR chips, e.g. oﬀ-line
and on-line detection, are covered, followed by integration
of functional components in PCR chips, biological
samples used in PCR chips and potential applications of
PCR chips, as well as practical issues related to the
development of PCR chips.
SUBSTRATES AND SURFACE TREATMENTS
TO REDUCE BIOMOLECULE ADSORPTION
Substrates
Most PCR microchambers or microchannels are fabri-
cated from silicon (10–25) or glass (26–36) substrate.
Polymers, such as polydimethylsiloxane (PDMS) (37–55),
polycarbonate (PC) (56–63) and polymethylmethacrylate
(PMMA) (64–68) have increasingly been utilized as
alternative substrates. New substrates, such as SU-8
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(70), perﬂuoroalkoxy-modiﬁed polytetraﬂuoroethylene
(PFA) (13,71–76), LiNbO3 (77) and 317 stainless steel
(78), have also been used in PCR microﬂuidic devices.
Each substrate has diﬀerent properties and therefore
diﬀerent advantages and disadvantages. The superior
thermal conductivity of silicon makes rapid PCR cycling
possible. Silicon fabrication processes are well developed,
and thus precise and complex chip structures can be
achieved (4). However, silicon can be problematic: bare
silicon inhibits PCR; its high thermal conductivity requires
thermal insulation and therefore results in structural
complexity (14,23,25,36,79–81); its opacity limits optical
detection; and its electrical conductivity makes it diﬃcult
to combine micro PCR with micro capillary electrophor-
esis (CE) (26,27,31,35,40) on a single silicon chip.
Transparent glass is suitable for optical detection. The
electro-osmotic-ﬂow (EOF) property of glass allows the
integration of PCR and CE on a monolithic chip
(26,27,31,35,40). However, the PCR chips made from
silicon or glass cannot be disposed due to the high cost
of fabrication. The use of polymers as substrates may
overcome these disadvantages. PDMS, an inexpensive
elastomeric polymer, has emerged as a promising
substrate. It exhibits high ﬂexibility, better optical
transparency, lower cost of fabrication and better
biocompatibility than silicon. The ﬂexibility of the
polymers gives rise to the highly integrated PCR chips
incorporating PDMS micropumps and/or microvalves
(19,20,26,27,31,35,40,46,48,52,53). PDMS adsorbs less
PCR sample than other materials and thus can be used
to coat glass surfaces to avoid the possible inhibitory
eﬀect of glass on PCR (39,50,54). However, the perme-
ability of PDMS can result in diﬀusional loss of biological
sample, and implantation of polyethylene (PE) vapor
barrier in the PDMS has been proposed to prevent
this ﬂuid loss (53). Air bubbles can be formed on
PDMS surface during sample loading due to its hydro-
phobicity (51).
Other chip substrates include PC, which has a high glass
transition temperature (Tg)(  1508C) and can withstand
the sustained high temperatures associated with PCR
or ligation detection reaction (LDR) (56,58–63).
Biocompatible PMMA is another suitable candidate.
It displays less autoﬂuorescence than PC (59) and is
suitable for conventional optical detection. Inexpensive
and versatile PMMA PCR chips can be fabricated by
CO2 laser ablation within minutes (64,67). In addition,
the nonspeciﬁc adsorption between PMMA and DNA/
protein is minimal. However, its low Tg ( 1058C) (65)
may hinder widespread use.
Surface treatment
The PCR eﬃciency is often limited by interactions
between the chip surface and the biomolecules in the
PCR solution, primarily due to the increase of the surface-
to-volume ratio in a micro-scale environment. In general,
the hydrophilic PCR solution is not easily introduced into
the hydrophobic chip (28). Therefore, a proper surface
treatment is required to ensure the success of on-chip
PCR. The treatment processes can be classiﬁed as static
treatment and dynamic treatment.
The static treatment involves the pre-coating of
chip surface, during fabrication of PCR chip or immedi-
ately before use, with one of the following substances:
SiO2 (10,14,20,21,25), bovine serum albumin (BSA)
(11,17,25,37,53,61,73), polyethylene glycol (PEG)
(65,78,82) or silanizing agents (for example 3-glycidoxy-
propyl trimethoxysilane (11), dichlorodimethylsilane
(23,69), Sigmacoat (16,29) or trimethylchlorosilane
(33). The SiO2 pre-coating is a reproducible and inexpen-
sive standard MEMS process and can be accomplished
in a batch fashion. BSA and other agents become
popular due to their simplicity but the reproducibility
is argued. It is worth noting that diacrylated PEG
(DAPEG) can be grafted into PDMS polymer for
polyelectrolyte multilayers (PEM) deposition (82), and
that the surface characteristic of PDMS polymer shifts
from hydrophobic to hydrophilic after oxygen plasma
treatment (44,83). The oxygen plasma activation on the
surface of PDMS can be performed at the same time
with the bonding processes, and thus it is a standard
MEMS process with high reproducibility and low costs.
Silanization is also a commonly used process to prevent
on-chip adsorption of biomolecules, but it is time-
consuming and labor intensive. Moreover, its reproduci-
bility is also problematic. Recently, Legendre et al.
developed a rapid (55min) and simple (one-step)
Sigmacoat silanization method on a dry glass surface
without extensive rinsing and cleaning steps often
associated with other chip coating procedures (29).
This dynamic treatment occurs during the actual opera-
tion of PCR chips because the reagents are in the
PCR solution. Other widely used dynamic reagents
are BSA (10,11,13,16,20,21,28,31,50,51,53,57,59,60,
62–64,70,74–76,78) and polyvinylpyrrolidone (PVP)
(17,21,44). Glycerol (10,78), formamide (10,78), polyethy-
lene glycol (PEG) 8000 (21), and Tween 20 (21), have
also been studied as dynamic coating agents. It is known
that BSA can improve on-chip PCR eﬃciency because it
can compete with DNA polymerase for active adsorption
sites on the inner surface. However, it is not yet clear
that how components such as (NH4)2SO4, MgCl2 and/or
KCl in the PCR mixture aﬀect the BSA coating.
In addition, when the ﬂuorescence detection technique is
applied, possible interactions between BSA and ﬂuores-
cent probe/dye may be problematic.
ARCHITECTURES FOR PCR CHIPS
Stationary chamber-based PCR amplification
In this format of PCR chip, the PCR solution is kept
stationary and the temperature of the reaction chamber is
cycled between diﬀerent temperatures. The ﬁrst PCR chip
developed by Northrup et al. in 1993 was based on such a
stationary chamber (84). Since then, this format has
been widely replicated and improved (2–4). During the
past two years, the miniaturization of such PCR devices
has been of growing interest. In general, they can
be classiﬁed as single chamber stationary PCR chip
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43,45,46,48,51–53,57,62,63,68–70) and multi chamber sta-
tionary PCR chip (Figure 1B) (11,17,19,20,25,28,31,
33–36,38,47,49,54,78). The former can perform very well
in terms of ﬂuidic and thermal controls and oﬀer beneﬁcial
properties such as reduced thermal and ﬂuidic crosstalk
between chambers. However, they cannot realize high-
throughput and cannot readily be used for special
purposes such as single cell gene expression analysis.
To circumvent these issues, great eﬀorts have been made
to develop multi-chamber stationary PCR. This type of
PCR chip allows generation of standard curves, use of
multiple primer sets and optimization of microﬂuidic
PCR. However, special care must be taken to achieve the
thermal optimization of chamber array in order to obtain
homogeneous temperature ﬁelds between chambers.
In addition, precise handling and processing of sample
microﬂuid on such PCR chips still face challenges (17,28).
Chamber-based PCR chips are constructed as closed
systems where the reaction chamber(s) are actually
microfabricated on the chip. Their design does not diﬀer
signiﬁcantly from the model presented by Northrup et al.
(84). Recently, Guttenberg et al. proposed a completely
diﬀerent approach to handle small-scale sample using a
hydrophobic/oleophobic surface to provide virtual ﬂuid
conﬁnement (77). The concept of virtual reaction chamber
(VRC) (Figure 1C) was applied for the ﬁrst time on the
PCR chip in 2005, in which each PCR sample droplet was
covered with a drop of mineral oil. Neuzil et al. further
optimized this approach by placing a disposable micro-
scope glass cover slip on top of a silicon chip to eliminate
cross-contamination between samples (79,80).
Dynamic continuous-flow-based PCR amplification
The chamber-based stationary PCR chips lack the
ﬂexibility to change the PCR speed. The dynamic
continuous-ﬂow-based PCR ampliﬁcation can overcome
this issue by utilizing the ‘time-space conversion’ concept.
The nucleic acid ampliﬁcation occurs as the sample is
continuously pumped through a microﬂuidic channel
during each temperature cycle. The attractive features
of this approach include: (i) The analysis processes of
nucleic acids can be performed in a dynamic format on
an integrated PCR chip. (ii) The temperature transition
times depend only on the sample ﬂow rate and the
time needed for the sample to reach a thermal equilibrium.
(iii) The heat inertia of PCR system is decreased to a
minimum because only the sample’s thermal mass need
to be taken into consideration. (iv) The reaction volume
can range from several microliters to several tens of
microliters.
The continuous-ﬂow PCR concept of using a capillary
passing through diﬀerent temperature baths was intro-
duced by Nakano et al. in 1994 (85). In 1998, Kopp et al.
reported a continuous-ﬂow PCR chip using a serpentine
channel passing through three thermostable copper
blocks (Figure 2A) (86). Since then, especially during the
last two years, such PCR chips have undergone sub-
stantial improvements (4,30,44,50,55,58,60,66,67,87,88).
However, continuous-ﬂow PCR poses several problems
during thermal cycling: (i) Gas bubbles are easily gen-
erated in the microchannels, which adversely aﬀect PCR
ampliﬁcation. (ii) Pressure-driven ﬂow easily produces a
hyperbolic ﬂow proﬁle that may lead to progressive
sample dispersion (56), and often requires an external
bulky syringe pump (23,30,41,42,44,50,58,66,67,71,72,
74–76,88), which adversely aﬀect the development of
compact, portable and integrated continuous-ﬂow PCR
chips. (iii) The rate at which the PCR solution travels
between diﬀerent temperature zones is diﬃcult to regulate,
and thus most of the continuous-ﬂow PCR systems
lack the ﬂexibility to regionally control ﬂuid ﬂow velocity
so as to meet diﬀerent PCR requirements. (iv) Highly
integrated continuous-ﬂow PCR chips are rarely
reported due to high fabrication cost and diﬃculties in
controlling the continuous liquid ﬂow. In order to
overcome these problems, some alternative approaches
have been utilized. For example, by introducing a
highly viscous ﬂuorinated oil cap immediately before the
introduction of the PCR sample, Nakayama et al.
Figure 1. Stationary chamber-based PCR chip. (A) Single chamber
PCR chip. (B) Multi chamber PCR chip. (C) VRC PCR. The PCR
sample is introduced into the single/multiple/virtual chamber(s). The
chip is then heated and cooled to provide thermocycling conditions.
Figure 2. Continuous-ﬂow PCR. (A) The serpentine channel
continuous-ﬂow PCR. (B) The spiral channel-based continuous-ﬂow
PCR. The sample is introduced at the inlet and pumped unidirection-
ally towards the outlet. (C) The straight channel oscillatory-ﬂow PCR.
The sample is introduced in the inlet and pumped back and forth in a
straight channel. Temperature zones are provided by three heaters.
Nucleic Acids Research, 2007, Vol. 35, No. 13 4225have overcome the generation of air bubbles in the
continuous-ﬂow microchannel (50). Gui and Ren
have proposed the possibility of performing a novel
EOF-driven continuous-ﬂow PCR on a serpentine channel
chip on the basis of numeric simulation (87). Similar work
was also reported by Chen et al. (56). Li et al. have
reported a continuous-ﬂow PCR chip with a serpentine
channel of varying width for ‘regional velocity control’
(30). Most recently, a hybrid chip incorporating the
continuous-ﬂow PCR, LDR and hybridization assays
has been proposed by Hashimoto et al. to perform
analysis of single base mutations in genomic DNA (60).
This is a signiﬁcant work because it opens the door to the
integration of the continuous-ﬂow PCR with pre-PCR or
post-PCR analytical step.
For serpentine channel continuous-ﬂow PCR chips,
parallelization is not easily realized as it complicates
the chip architecture and most likely increases the
chip footprint. In addition, the number of thermal cycles
is usually not adjustable. Importantly, in these PCR
chips the temperature zones are linearly arranged and
are easy to establish a smooth temperature gradient.
In this case, however, a melted single-stranded DNA
sample is very likely to form double strands with the
template strands or their complementary fragments
when passing the extension zone, which compromises the
PCR eﬃciency.
Several new approaches have been developed to
partially or fully circumvent these problems. The roles of
spiral-channel-based continuous-ﬂow PCR devices
(Figure 2B) have been recently emphasized by several
groups since this approach can eﬀectively avoid the
possible formation of the DNA double strands
(41,42,56,59,61,71,72,74–76). But it is still hard to perform
parallel PCR ampliﬁcations using such devices.
An oscillatory-ﬂow-based approach (Figure 2C)
(23,64,65) not only combines the cycling ﬂexibility of
the stationary chamber PCR with quick temperature
transitions associated with the continuous-ﬂow PCR, but
also provides the possibility of performing high-through-
put PCR ampliﬁcations in a parallel format (64).
Microﬂuidic digital PCR (23,71,72,89–93) represents
another example of the power of microﬂuidic PCR
chips. This technology can provide precise control of
sample volume and high-throughput analysis of serial
(23,71,72,89–91) or parallel (93,92) format. In the serial
format, the PCR solutions can ﬂow continuously through
a reaction channel path as a ‘droplet train’. However,
such systems easily suﬀer from cross-contamination
between samples and sample dispersion, and consequently
appropriate two-phase ﬂow systems are often required
(71,72). In spite of this shortcoming, it is still possible to
implement the totally automated, contamination-free,
reusable and robust microﬂuidic digital systems for high-
throughput PCR (71). Recently, Quake and colleagues
reported another type of microﬂuidic digital PCR, where
digital PCR was performed in parallel microarray format
(92,93). The array chips used are commercially available,
thus allowing single usage to eﬀectively prevent carryover
contamination. Importantly, the micropumps and micro-
valves not only can be conveniently used to distribute
PCR ﬂuid into a number of isolated reaction chambers
for high-throughput PCR, but can also eﬀectively seal
the individual reaction chambers so as to realize a
cross-contamination free microﬂuidic digital PCR
system. In addition, for these microﬂuidic digital PCR
systems, quantiﬁcation relies only on binary, positive/
negative calls for each subreaction within the partitioned
analyte. This aﬀords an absolute readout of DNA copy
number with single-molecule resolution (93), allowing for
transcription factor proﬁling in individual hematopoietic
progenitors (93) and multigene analysis of individual
environmental bacteria (92). Of course, such microﬂuidic
digital PCR can also be used for other potential
applications such as detection of base substitution
mutations, chromosomal translocations, alternatively
spliced products. It is also useful for allelic discrimination
and detection of allelic imbalance (94).
ON-CHIP PCR REACTION VOLUME
One of the motivations for the development of on-chip
PCR is to process a sample of small volume. Based on the
reaction volumes of the conventional PCR, we deﬁne
small volume as  3ml. Within the last two years many
small-volume PCRs have been performed (see Table 1).
Quake’s group performed 72 parallel reverse transcription
(RT)-PCRs with a volume as low as 0.45nl (49). An array
of 3072 real-time, 33-nl RT-PCRs was recently reported
by Morrison et al. (78). Matsubara et al. performed PCR
in 40-nl reaction chambers (17). Neuzil et al. reported a
VRC-based PCR system that could amplify a PCR sample
of 100nl covered by 1.0ml of mineral oil (80). Similarly,
Guttenberg et al. ampliﬁed a PCR sample of 200 nl
covered by 5ml of mineral oil to form a VRC (77).
Landers’s group developed a glass/PDMS hybrid PCR-
CE chip with on-chip pressure injection using elastomeric
valves and the product of 278bp could be ampliﬁed within
a PCR chamber of 280nl (26). Recently, this group also
reported a solid-phase extraction (SPE)-PCR-CE inte-
grated glass/PDMS hybrid chip with a 550-nl reaction
chamber (27). However, large-volume (43ml) on-chip
PCRs are still in use (see Table 1). For example,
Lee’s group developed several PCR chip devices
with diﬀerent functions and volumes of 10 ml or more
(38,40,45,47,48,89). A PCR chip device proposed by Shen
et al. had a reaction volume of 25ml (70). When working
with samples containing a very low concentration of the
target (e.g. in diagnostics), the large-volume PCR has
several obvious advantages over small-volume PCR:
(i) Evaporative loss of sample during thermal cycling on
PCR ampliﬁcation may be negligible. (ii) The large-
volume PCR allows the routine detection techniques
such as gel electrophoresis to be used for the analysis of
PCR products. (iii) The large-volume PCR sampling is
accomplished using a conventional manual sampling gun,
making large-volume sample handling during reaction
set up relatively easy. However, the large PCR reaction
volume can be disadvantageous for low-molecule
PCR ampliﬁcation, especially for single-molecule or
single-cell analysis. On the contrary, the submicroliter,
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ing analysis with single molecule or cell sensitivity
(17,31,35,43,49,78,92,93). However, as the sample
volume is decreased, evaporation of sample solution and
introduction of a small amount of solution into the
reaction chamber/channel can be the major drawbacks for
PCR analysis. In addition, as PCR volumes are decreased,
ampliﬁcation is increasingly prone to biochemical surface
absorption problems at the chamber/channel walls due to
the increasing surface-to-volume ratio.
Small-volume PCR should not only reduce the costs but
also allow rapid thermal cycling. However, the use of
small-volume PCR does not necessarily reduce ampliﬁca-
tion time if the heating method does not fully use the
advantages of small-volume reaction system (17,43,49,78).
On the contrary, the large-volume PCR can result in the
reduction of ampliﬁcation time when a better mode of
heating is utilized (38,40,45,47,48,89). As yet, there is no
deﬁnitive correlation between PCR time and PCR volume.
PCR speed ultimately depends on the thermal mass of the
entire PCR chip system. Although changeable in a wider
range, the sample volume of continuous-ﬂow PCR is
usually510ml (see Table 1).
ON-CHIP PCR REACTION SPEED
Pursuing high-speed PCR is one of the major motivations
in the development of on-chip PCR. The acquisition
of high-speeds for PCR depends on reduction of the
thermal mass of the entire PCR system. The basic methods
used to decrease the system’s thermal mass are to choose a
better heating method and to adopt a desirable chip
architecture.
For chamber-based stationary PCR chips, thermal
cycling can be performed either with contact heating
methods or noncontact heating methods. The former
is deﬁned as having heaters fabricated within the chip or in
thermal contact with the outside of the chip, where
the thermal mass of the microchip is in contact with
the heating element. The latter uses a heating method
that is not in physical contact with the PCR chamber (3).
Among the contact heating methods, the MEMS-
based ﬁlm heating elements have smaller thermal mass,
faster thermal response and higher heating rates
(e.g. 4108C/s) (11,14,31,32,35,38,40,45,47,48,51,77,79,80,
89) (see Table 1). To date, the fastest heating rate
(1758C/s) and cooling rate (1258C/s) have been obtained
Table 1. Reaction volume and heating/cooling rates of PCR chips
Reaction
volume (nl)
Heating
rate (8C/s)
Cooling
rate (8C/s)
Ampliﬁcation
time (s)/Cycle number
Amplicon
length (bp)
References
Chamber PCR
Small volume
0.45 240 (49)
33 (78)
40  6000 or  3720/40 74 (17)
100 175 125 340/40 82 (80)
200 10–50 5 600/30 150/1382 (77)
240 420 420 1320/35 690 (32)
280 4.8/7.8 5.0 708/30 278 (26)
380 415 410 51620/30 (31,35)
420 3 2 (39)
550 660/30 211 (27)
900–7000 6.5 1.95 (54)
1000 44 20 208 (79)
1170 522/30 300 (13)
1750 4.5 4.5 322 (53)
2000 11 3.2 1350/30 330 (11)
Large volume
 3500 11 2.7  1680/30 209 (14)
3600  10  4.6  2400/30 183 (51)
8000 5 2.67 1740/25 305 (62,63)
10000 305 (57)
10000  20  10 900/20 240 (40)
10000  20  10 840/20 273 (47)
10000  20  10 1584/30 273 (45)
15000 38 7.9 3300/25 511 (89)
 20000 11.5 5.5 5900/20 273 (38)
25000 8 8 1680/30 244 (70)
37500 3.1 3.1 2100/40 544 (37)
50000  20  10 511 (48)
Continuous-ﬂow PCR
(480 1800)/30 430 (44)
500 1086/27 500 (56)
1000  900/35 (23)
 6000 2100/25 145 (41)
4500  12  12 2280/23 240 (64)
8000 300/440 372 (65)
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elements are usually fabricated in a complicated process,
the costs are considerably higher than other designs.
To reduce costs, the temperature control chip can be
physically separated from the PCR reaction chip and
reused after initial temperature calibration
(20,46,48,79,80). To develop a cost-eﬀective heating
element, interest was focused on the commercially
available ﬂexible thin ﬁlm heaters with a heating rate of
6.58C/s or higher (54,59,60,67,70). Alternatively, contact
heating is also often realized by a Peltier device
(17,37,43,53,62,63). Although its high thermal mass
weakens the thermal response of the entire PCR chip,
 58C/s heating rates can be acquired and thus the system
performances are better than most of Peltier eﬀect or
metal block-based PCR machines. A disadvantage asso-
ciated with the contact heating is that a certain amount of
thermal mass is added in the PCR chip assembly, which
inevitably hinders fast thermal transitions. Moreover,
when PCR and analytical function (e.g. CE) are integrated
on a single chip, it is very diﬃcult to conﬁne the contact
heating to the PCR chip itself and not analysis part of the
chip. In order to overcome these issues, interest in
noncontact heating continues to grow (4). Recently,
Landers’s group successfully realized the integration of
noncontact infrared (IR)-mediated PCR with CE separa-
tion (26) or with SPE and CE separation (27) on a single
glass chip. Hu et al. proposed a new method to control
PCR thermal cycling using an alternating-electric-current
induced buﬀer Joule heating eﬀect without an external
heater component (39). Although this approach obtained
a low heating rate of 38C/s and cooling rate of 28C/s, there
is still much room to improve the thermal response of
Joule heating if the total thermal mass of the chip can be
reduced.
As described above, the heat inertia of a continuous-ﬂow
PCR system is considered as only the sample thermal mass,
and the temperature transition time depends only on the
sample ﬂow rate and its time to reach thermal equilibrium.
Consequently, the speed of continuous-ﬂow PCR is limited
only by the synthesis rate of the DNA polymerase. For
example, in the 30-cycle continuous-ﬂow PCR chip
proposed by Kim et al., only 8–30min were required to
produce adetectable amount of 430-bp PCR products (44).
Mu ¨ nchow et al. reported that 372-bp PCR products could
be achieved within 5min by over 40 thermal cycles in the
oscillatory-ﬂow PCR chip (65). The fastest PCR reported
to date was obtained on the continuous-ﬂow PCR chip
developed by Soper’s group — ampliﬁcation of a 500bp
 -DNA fragment in 1.7min and a 997-bp fragment in
3.2min, respectively (59).
APPROACHES TO ELIMINATING CROSS
CONTAMINATION
Due to the extremely sensitive nature of the PCR, minute
amounts of nucleic acid contamination in PCR chips can
result in a false positive PCR outcome. In order to
eliminate sample-to-sample or run-to-run cross contam-
ination in PCR microdevices, the most straightforward
approach is the use of a disposable PCR chip.
At minimum, the part of the chip device that comes into
contact with the sample solution is discarded after a single
use. The low cost and easy fabrication often allows
disposal of the polymer-based PCR chips after a single use
(38,46,54,57,62,63,70). Recently, Neuzil et al. used the
disposable glass slip to perform the on-chip PCR
ampliﬁcation (79,80). In the case of the high costs of
fabrication or substrate materials, the following econom-
ical and applicable approaches to eliminating cross
contamination have been developed.
(i) Creation of liquid–liquid two-phase reaction sys-
tems. Viovy’s group performed continuous-ﬂow,
high-throughput PCR ampliﬁcation using droplets
in an immiscible, ﬂuorinated oil/ﬂuorosurfactant
solvent, without any detectable contamination
between droplets (72,71). In such systems, the
stability of droplet trains is essential for eliminating
cross contamination between droplets.
(ii) Use of diﬀerential hydrophilic/hydrophobic coating.
In this approach, the interior surface of each
reaction chamber remains hydrophilic, while the
exterior surface is rendered hydrophobic by coating
a hydrophobic layer onto the substrate or using a
substrate with hydrophobic nature (e.g. silicon)
(17,78). This diﬀerential hydrophilic–hydrophobic
coating approach facilitates precise loading and
isolated retention of PCR solution in individual
chambers, thus avoiding cross contamination
between chambers. However, this approach maybe
is not robust enough to be of practical usefulness.
Recently, Prakash and Kaler developed a novel
‘stripping and re-silanizing’ (SRS) approach for chip
reuse (33). The SRS process can be repeated many
times between PCR experiments and can avoid PCR
carryover cross-contamination since it imparts a
fresh coating prior to each PCR experiment.
It should be noted that the deep hydrophilic
reaction chambers can also avoid the contamination
between chambers during PCR (83).
(iii) Use of microvalves on chip. The microvalves can
be used to isolate each reaction chamber or to
separate the PCR reaction chamber with
other functional units such as CE and SPE, thus
eﬀectively avoiding possible cross contamination
(10,19,20,26,27,31–33,35,43,52,92,93). Valving sys-
tems that contact the PCR mixture could increase
the risk of contamination arising from small protru-
sions and crevices that may trap DNA and reagents
from a previous run. Therefore, the actuating
elements of microvalves should not be in direct
contact with the PCR mixture (43,52,53), or the
actuating elements of microvalves should be replaced
for a new run (31,35).
(iv) Cleaning of PCR chip. If the chips are cleaned with
organic solvents or strong detergents without
causing damages, the carryover cross contamination
from run-to-run can be eﬀectively eliminated, and as
a result the PCR chip can be reused (31,35,43,77).
(v) Pretreatment of reaction system with biological
reagents. For example, Cho et al. incubated the
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destroy potential carryover contamination (10).
Finally, it needs to be noted that if each PCR
chip is sealed with a cover (for example a tape)
immediately after loading the sample, contamina-
tion is less likely.
FLUIDIC AND TEMPERATURE CONTROLS AND
MEASUREMENTS OF ON-CHIP PCR SAMPLE
Thermal Insulation
Thermal interaction or ‘crosstalk’ has emerged as an
important issue as chip device size decreases. Most DNA-
based assays [e.g. PCR, restriction endonuclease reaction,
temperature gradient gel electrophoresis (TGGE) and
PCR-sequence-speciﬁc oligonucleotide polymorphism
(SSOP)] are highly temperature sensitive and require
precise temperature control. When integrating these
analytical components on a single chip, thermal crosstalk
will deteriorate chip device’s performance and the thermal
insulation is often required. The thermal isolation should
also be used to eliminate or weaken the thermal crosstalk
between chambers within the PCR array chip because
PCR conditions vary slightly from one gene target to
another although DNA hybridization occurs at the same
temperature for many diﬀerent gene targets. In addition,
the thermal isolation between the temperature zones and
the substrate is also usually considered to prevent heat loss
to the surroundings. For these reasons, there have been
increasing attempts to develop thermal isolation solutions
on PCR chips. Shih et al. recently proposed a novel
technology using parylene-cross-linking structure to
achieve air gap thermal isolation for on-chip continuous-
ﬂow PCR (81). This technology provides excellent thermal
isolation eﬃciency. Its simplicity of integration with other
analytical components also makes applications of micro
total analysis systems (mTAS) feasible. Burn’s group
reported in detail two cost-eﬀective thermal isolation
techniques: the thermal conduit technique based on a
selective conduction mechanism (32,36), and the silicon
back-dicing technique based on a selective insulation
mechanism (36). They are inexpensive alternatives to the
silicon back etching technique. In addition, most existing
thermal isolation techniques also adopt thin substrate
structures (e.g. cantilever beam (79,80) or deep trenches
(14,23,26,63)) to thermally insulate the PCR region. These
structures can provide excellent thermal isolation due to
their high thermal resistance, but they usually have the low
mechanical stability and require complicated microfabri-
cation processes. Recently, Zou et al. proposed a simple
conductive polymer ﬂip-chip bonding technique to
accomplish the thermal isolation of multi-chip array to
allow the PCR chambers to be thermally and indepen-
dently controlled (25).
Evaporation and its Inhibition Measuresof PCR Sample
Sample evaporation is often problematic because PCR
volumes are usually very small. Especially as denaturation
temperatures approach 1008C the sample evaporation is
so rapid that the sample would dry up quickly under
standard atmospheric pressure. To circumvent such
evaporation, a number of measures can be taken, but
all have their respective advantages and disadvantages.
A mineral oil cover layer is frequently used as a vapor
barrier to prevent evaporation (17,26,27,29,54,77,79,80).
The mineral oil is a suitable liquid cover because it has a
boiling point far above 1008C and a density slightly below
1.0g/cm
3. However, its applicability is questionable for
highly integrated PCR systems. Another approach is using
a solid cover or valve to resist the internal pressure
generated during PCR (10,19,20,31,32,35,43,51,52). It is
known that the evaporation rate decreases with the
increase of the gas pressure around a liquid. Recently,
Cheng et al. extended this concept to the oscillating-ﬂow
PCR chip (64). In their approach, a single opening serves
for both sample loading and syringe pump port. When the
sample plug is pumped to high-temperature zones,
the internal pressure increases by six times and thus the
sample evaporation is greatly reduced. Noteworthy is that
within the continuous-ﬂow PCR chip, the relative sample
evaporation loss can be decreased because of the decrease
in the free surface area of the liquid. In addition, sample
evaporation is also aﬀected by the PCR chip substrates.
For example, the water diﬀusion/vapor loss property of
PDMS could lead to the sample evaporation loss and thus
special approaches such as vapor barrier (52,53) should be
considered to reduce the sample loss at elevated
temperatures.
Formation ofGas Bubbles andInhibition Measures
An important drawback of the PCR chip microsystems is
the generation of air bubbles. which not only cause large
temperature diﬀerence in the sample but also expel the
sample from the PCR chamber. The formation of air
bubbles has two prerequisites: the liquid must be super-
heated and there must be nucleation site(s). Several
methods have been used to avoid the prerequisites and
inhibit the bubble generation: (i) The structural design of
PCR chamber. A diamond-shaped or rhomboidal cham-
ber is superior to a circular chamber in preventing bubble
formation (10,51). Recently, Gong et al. reported that the
deeper the PCR chamber, the more diﬃcult it is for the
PCR solution to ﬂow into the chamber without trapping
bubbles. However, the size of the chamber or the shape
and size of the inlet and outlet have little or no inﬂuence
on the bubble formation (28). (ii) The surface treatment of
the PCR chamber. In general, the wetting properties of the
PCR chamber and its inlet/outlet have an obvious eﬀect
on the bubble formation. When the chamber surface is
highly hydrophilic, the PCR sample can ﬂow into the
chamber smoothly and rapidly without bubble formation
(28,31,35,51). (iii) The sealing pressurization of the PCR
chamber. Under pressurization and high-temperature, the
gas solubility will increase and the dissolved gases and
microbubbles in the PCR sample cannot grow up in
volume, thus preventing the air bubble formation
(37,50,57,62,63). (iv) Degasiﬁcation of the PCR sample.
This process can eliminate non-condensable gases in the
PCR sample before loading and consequently decrease the
risk of bubble formation (56). (v) The addition of high
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When a solvent with a boiling point above 1008C
(e.g. glycol, glycerol or poly(ethylene glycol)) is included
in the PCR sample, the boiling point of the resulting
sample is increased, and thus preventing bubble formation
at high temperatures (56).
Semi-InvasiveorNoninvasiveTemperatureMeasurementfor
PCR ChipsBased on Optical Techniques
Since the PCR is temperature sensitive, it is essential to
choose a proper temperature measurement technique to
determine or at least to estimate the temperature within
the PCR chip. In general, the measurement techniques can
be classiﬁed into three categories based on the nature of
the contact mode between the temperature measuring
element and the PCR chip (solid) or PCR solution
(liquid): (i) Invasive. The measuring element is in direct
contact with the PCR chip or solution. (ii) Semi-invasive.
The PCR solution is treated in some manner to enable
remote observation, e.g. inclusion of dye whose color
changes with temperature. (iii) Noninvasive. The PCR
solution is observed remotely, e.g. IR thermography. Due
to their low cost and convenience, invasive temperature
measurements are still most widely used (4). However,
there are several obvious challenges associated with these
measuring techniques: First, regardless of the nature of the
temperature sensing element, it will add some thermal
mass to the PCR chip, ultimately decreasing the chamber
PCR thermal cycling rates. Second, they can obtain
temperature data only at a few discrete points or lines
and thus do not reﬂect the overall temperature ﬁeld of the
PCR chip or solution. Third, the temperature sensor
within the PCR solution will inhibit the PCR and increase
the risk of sample cross contamination. Fourth, the use
of invasive temperature measurement involves a distur-
bance, which manifests itself as a diﬀerence between the
temperature being measured and that which would exist
in the absence of the temperature-measuring element.
To address these issues, attention has been given to the
semi-invasive or noninvasive temperature (and ﬂuidic)
measurement techniques, which are usually accomplished
by the optical techniques.
Semi-invasive temperature measurement techniques
forPCR chips
In these techniques, temperature-sensitive materials
such as thermochromic liquid crystals (TLCs) or ﬂuores-
cence dye indicators are included in the PCR solution,
variations in optical properties can be observed remotely.
These techniques are categorized as semi-invasive
since they involve a modiﬁcation of the component in
the solution and therefore could cause disturbances to the
temperature ﬁeld.
Semi-invasive temperature measurement based on
TLCs. TLCs are substances with a molecular structure
intermediate between that of a crystalline solid and an
isotropic liquid. They possess both mechanical properties
of liquid and optical properties of crystalline solids.
Of particular relevance to heat transfer studies are the
cholesteric liquid crystals (commonly called TLCs), which
are optically active since they react to changes in
temperature and shear stress by changing their color.
Encapsulated TLCs are commercially available and
have proved to be very useful for research on PCR chips
(4). Recently, Noh et al. utilized TLC thermometry to
investigate the spatial temperature uniformity inside the
PCR chamber. The chip used in this work has the smallest
volume (ca. 1ml) that has been ever reported in TLC
thermometry (18). Kim et al. used the TLC thermometry
to measure the temperature at the Raman calibration
point to calibrate the Raman intensity of O–H stretch
band of water with temperature (15). Additionally,
TLC solution has also been used to determine the rate
of temperature change in the PCR microchannel (64).
Although this technique can directly obtain the spatial
and temporal temperature distribution with a high
precision of 0.18C, it usually has a small measurement
range. The TLC’s encapsulated spheres typically have a
diameter of several ten micrometers and consequently
it is hard to apply them in the PCR system with smaller
characteristic dimensions. In addition, TLCs have to
coexist with a PCR solution, which might aﬀect the
biological activity of the medium.
Semi-invasive temperature measurement based on a
fluorescence dye indicator. The principle of this tempera-
ture measuring technique has been described by
Sakakibara and Adrian (95). Although this technique
has been well studied, it was not applied for the
temperature measurement within the PCR chips until
recently. Guttenberg et al. used a thermochrome dye
chromazone-based temperature measuring technique to
yield more temperature information inside the PCR
sample droplet (77). Neuzil et al. investigated the
temperature measurement of the on-chip PCR sample in
SYBR Green-based system or 6-FAM-based system (80).
SYBR Green allows melting curve analysis (MCA) to be
routinely used for PCR sample temperature monitoring,
but it can be used with high precision only around
the DNA melting point. By contrast, the ﬂuorescence
intensity of 6-FAM is proportional to its temperature
up to 908C and thus it is more suitable to estimate the
PCR sample temperature over a wide range. Most
recently, rhodamine B, one of most widely used tempera-
ture sensitive dyes, has been utilized to evaluate the
accuracy of the in-channel temperature measured by
K-type thermocouple or by numerical simulation (39).
This dye-based measuring technique has advantages of
simplicity, a wide range of temperature measurement, fast
response speed, good spatial resolution and great
sensitivity. However, its measurement accuracy is low.
Noninvasive temperature measurement techniques for
PCR chips
Most of the noninvasive techniques measure temperature
using the electromagnetic spectrum. For example, IR
devices are sensitive to the spectrum in the infrared region.
Optical techniques such as absorption and emission
spectroscopy are sensitive in the visible region.
4230 Nucleic Acids Research, 2007, Vol. 35, No. 13Noninvasive temperature measurement technique based
on IR thermography. Temperature measurements by
monitoring thermal radiation in the IR spectrum have
been widely applied in the PCR chips, especially within the
recent two years (10,14,17,30,32,47,64,65,67,70,77,79).
Such IR thermography-based technique usually consists
of the PCR chip, the environment, the air transmission
medium and the measurement device. Factors such as
radiation attenuation, background radiation, uncertainty
of the chip emissivity and errors from the thermometer
itself can aﬀect the accuracy of an IR thermometer.
The IR thermometer must be calibrated to compensate
for the environmental eﬀects. Although this technique
can only obtain the surface temperature distribution of
the PCR chip, the actual temperature of the PCR
sample can be reasonably deduced with the help of the
heat transfer law. Attractive characteristics of this
technique also include rapid response, continuous tem-
perature readings, high spatial resolution, no interference
with the object observed and the ability to determine the
temperature of moving component.
Noninvasive temperature measurement technique based
on Raman spectroscopy. If a molecule is excited by
incident radiation from the ground state to a higher
unstable vibrational state, it can either return to the
original state (i.e. Rayleigh scattering), or to a diﬀerent
vibrational state (i.e. Raman scattering). There are
two basic methods for determining the temperature by
Raman scattering: the Stokes Raman method and the
Stokes to anti-Stokes ratio method (96). The Raman
spectroscopy-based temperature measurement has been
successfully applied to the PCR chips as a new in situ
and noninvasive temperature measuring technique (15).
The diameter of the laser beam in the micro-Raman
system can be adjusted to 1mm and the perturbation of
the ﬂuid condition can be negligible. The laser beam can
be focused anywhere inside the chamber/channel to allow
the whole ﬁeld temperature measurement.
Semi-Invasive Fluid Measurementfor PCR ChipsBased on
Optical Techniques
It is essential to know the ﬂow state of the micro ﬂuids in
the PCR chip since results depend on the ﬂuid distribution
and variation in the reaction system. Less attention
has been devoted to the ﬂuid mechanics of micro PCR
devices than to other aspects. One notable advance has
been to use semi-invasive ﬂuid measurement techniques to
measure ﬂow ﬁelds inside a continuous-ﬂow PCR chip.
Curtin et al. used the micro particle image velocimetry
(m-PIV) and pressure measurements to study the eﬀect of
PCR on bioﬂuid viscosity in continuous-ﬂow PCR chips
(58). It is reported that for low molecular weight
substances, the bioﬂuid viscosity will not increase after
PCR. Li et al. used m-PIV to measure the velocity ﬁelds
inside the continuous-ﬂow PCR microchannel at various
downstream locations (30). Using m-PIV in the PCR chips
represents a novel application of existing measurement
techniques. For this technique, the size choice of the
ﬂuorescence seed particle is essential, as a particle that is
too large or too small will cause undesirable eﬀects on
ﬂow ﬁeld.
Numerical Simulation ofTemperature and Fluid Fields in
PCR Chips
Due to the small dimensions of the PCR chips, the direct
temperature/ﬂuid measurement remains a challenge.
Moreover, direct measurement cannot provide any static
and/or dynamic information on temperature/ﬂuid before
micromachining of PCR chips. In order to address
this issue, numerical simulation is thought to be a very
eﬀective approach and can provide the opportunity
to evaluate ﬂow, thermal and even chemical processes
during PCR (4). Within the past two years, this
approach has been widely used on the chamber-based
stationary PCR chips (10,12–14,20,21,24,25,36,39,51,70).
Meanwhile, a great attention has been focused on the
numerical simulation of the continuous-ﬂow PCR chips
(23,30,41,42,66,87,88). For example, Gui and Ren devel-
oped a 3D model to simulate the electrical potential ﬁeld,
ﬂow ﬁeld and temperature ﬁeld in an electro-osmosis-
based continuous-ﬂow PCR chip (87). Tsai and Sue
numerically simulated the ﬂow ﬁeld at the continuous-ﬂow
channel turning corners, as well as the performance of
designed heaters (66). Wang et al. described a 2D
numerical model to study the eﬀects of chip geometries,
materials, heater temperatures, ﬂow rates and
boundary conditions on the thermal performance of the
continuous-ﬂow PCR chip (88). Commercial software
often used in the numerical simulation include ANSYS
(30,36,41,42,66,70,79), CFD-RC (66), CFD-ACE (+)
(10,20,45), FLUENT (41,42), FLOTHERM (12),
CoventorWare (13,14,21,25) and COSMOS (51).
ConventorWare (IMAG Inc.) comprises a simulation
module devoted to the microﬂuidics, and thus can
simplify the development of the microﬂuidic
mathematical model and accelerate the study of the
microﬂuidics theory. FLOTHERM (Flometrics Inc.) is a
thermal analysis software tool developed for the electro-
nics industry and it has been widely used for the thermal
modeling of microﬂuidic systems.
DNA DETECTION METHODS FOR PCR CHIPS
Off-line detection methods
All existing DNA detection methods can be used for
oﬀ-line detection of on-chip PCR products. The use
of intercalators in combination with gel electrophoresis
is the most widely used method for the detection of
post-PCR products (14,23,25,28,30,38,40,44–48,50,51,54,
56–60,62–64,66,70,72,77,89). In this combination, the
DNA molecules are eﬀectively labeled with an intercalat-
ing dye and subsequently separated according to their
sizes. Upon binding to double-stranded DNA, the
intercalator molecules exhibit signiﬁcant enhancement
in their ﬂuorescence quantum eﬃciencies. Ethidium
bromide (EtBr) and SYBR Green I are the most popular
intercalator dyes, but other intercalating dyes, such as
GoldView
TM, have also been investigated (74–76). The use
of intercalator to detect DNA molecules has two main
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satility. However, indiscriminate binding is also a major
disadvantage: both speciﬁc and nonspeciﬁc PCR products
can produce the same type of signal and it is diﬃcult to
diﬀerentiate between them. In addition, this technique is
time-consuming and labor intensive.
CE is another widely used oﬀ-line detection technique
(97–100). The use of CE for DNA separation detection
has several obvious advantages including low operating
costs, high separation eﬃciency, small sample volume,
short analysis time, versatility and simplicity.
Incorporation of CE on a chip fully utilizes these
advantages. CE chips were ﬁrst demonstrated in 1990 by
Manz et al. (101) and have now become commercially
available. One notable example is the Agilent 2100
Bioanalyzer (Agilent Technologies). Recently, this com-
mercial CE chip has been used for oﬀ-line detection
of PCR products (10,11,13,16,69,73). Other microchip
electrophoresis systems include the Hitachi SV 12-channel
electrophoresis microchip (Hitachi Electronics Co.) (73),
LabChip 90 Automated Electrophoresis System
(Caliper Lifesciences) (20) and CE chips with laser-
induced ﬂuorescence (LIF) detection (41,52,53,56). The
oﬀ-line CE chip platform can oﬀer walkaway and
unattended analysis of DNA molecules, eliminate the
time-consuming and messy slab gel process, generate
much more reproducible and high quality data, and allow
high-throughput laboratory analysis; however, the manual
sample loading may increase the risk of cross contamina-
tion and the total analysis time.
On-line detection methods
In order to circumvent the drawbacks of oﬀ-line DNA
detection methods, great eﬀorts have been made to
develop on-line DNA detection methods. Some of the
on-line detection methods described below may soon be
routinely implemented for on-chip quantitative and/or
qualitative PCR detection.
Fluorescence-based DNA detection method. Fluorescence-
based real-time and end-point DNA detection is a
powerful and important detection technique. The real-
time detection kinetically observes the ﬂuorescence signals
from the interaction between the dye or probe and the
increasing amount of double-stranded DNA molecules
during PCR (10,16,20,37,39,50,54,77–80); the end-point
detection measures the ﬂuorescence only before and after
PCR ampliﬁcation, by which it can be established whether
the DNA template is successfully ampliﬁed (17,49,71).
Although the end-point method is simple and can be used
for single cell or molecule analysis (17,49), it is diﬃcult to
obtain reliable results if the DNA template concentrations
are calculated only by the ﬂuorescence signals. The real-
time method has become popular. It uses an analysis
procedure called threshold method. The threshold value
(also called CT value) represents the number of cycles
necessary to produce an exact amount of DNA. By using a
series of diﬀerent CT values, one can calculate the
DNA template concentrations and obtain the PCR
eﬃciency. If the CT value is further used as a criterion
for the PCR eﬃciency, the dynamic parameters of the on-
chip PCR can be optimized (80). However, since the
sequence-nonspeciﬁc ﬂuorescence dyes are often utilized
for the on-chip real-time PCR systems, both speciﬁc and
nonspeciﬁc products will produce the same ﬂuorescence
signals that are diﬃcult to diﬀerentiate. In order to
overcome this challenge, after on-chip PCR a MCV can be
performed to determine the purity of the PCR and to
identify the speciﬁc target products (10,16,20,78,79). Other
on-chip ﬂuorescence-based detection technologies are also
being developed. One such example was the DNA—
‘up-converting’ phosphor particles (UPT)—lateral ﬂow
(LF) assay on a single chip proposed by Wang et al. (63),
in which the PCR products were labeled with the UPT
reporter particles in an incubation chamber, applied to the
LF strip, bound to pre-immobilized ligands and detected
with an IR laser.
On-chip CE separation integrated with PCR. One of the
most common components integrated with PCR on a
single chip is CE. A hybrid DNA analytical chip that
performs PCR in a silicon microheater and CE in a glass
chip was ﬁrst reported by Woolley et al. in 1996 (102).
Since then, a variety of chips with diﬀerent degrees of
functional integration have been reported (4). Nowadays,
the integrated PCR-CE chip is still a burgeoning research
area (26,27,31–33,35,40,43). For example, Easley et al.
proposed on-chip pressure injection for integration of IR-
mediated PCR ampliﬁcation with CE separation (26). It
was reported that the total analysis time was  12min,
representing the fastest PCR-CE chip integration achieved
to date. Within another integrated chip recently reported
by Easley et al. (27), nucleic acid puriﬁcation through
SPE, followed by PCR ampliﬁcation and microchip CE
amplicon separation and detection, was completed in less
than 30min. Huang et al. presented an integrated chip for
DNA/RNA ampliﬁcation, CE separation and on-line
optical detection (40). This work has two important
improvements: (i) The sample template can be DNA or
RNA and (ii) using a buried optic ﬁber instead of the LIF
to optically detect the PCR products can avoid the bulky
optical detection apparatus. Another notable work is the
development of four-lane PCR-CE chip that is capable of
performing multiple (RT-) PCR-CE analyses in parallel
(31,35). Recently, Prakash and Kaler reported an inte-
grated PCR-CE chip that performed nine PCR reactions
simultaneously in separate chambers and then sequentially
analyzed the PCR product from each chamber by CE (33).
Those works may represent the development trend of the
future PCR-CE chips: high analytical speed, high
functional integration without the need for the external
bulky equipments and improved parallelism.
On-chip DNA hybridization integrated with PCR. DNA
hybridization is a highly selective and sensitive reaction
which takes place between target DNA/RNA and a DNA
probe. With the advent of microfabrication techniques,
the miniaturization of the DNA probe detection has
proven to be feasible, and both DNA hybridization and
PCR ampliﬁcation can be incorporated on a single chip
to directly detect the PCR products. For example,
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the PCR ampliﬁcation with the PCR product hybridiza-
tion detection (77). Hashimoto et al. applied the PCR and/
or LDR chips combined to hybridization microarrays to
detect low-abundance DNA point mutations in a con-
tinuous-ﬂow format (59,60). The coupling of functional
biochip and informational biochip not only allows
functional operations such as sample preparation and
PCR ampliﬁcation by controlling the biological micro-
ﬂuids, but also provides information on the amount,
sequence and even DNA/RNA target source through
DNA hybridization microarrays.
HIGH INTEGRATION OF FUNCTIONAL
COMPONENTS TOWARDS PORTABLE
PCR DEVICES
One of the main challenges in miniaturization of PCR is
the integration of functional components to perform
several operations without the need of external macro
apparatus or manual operation. With the advance of the
PCR chips, more and more on-chip PCR systems have
been developed. Lien et al. reported a device which could
accommodate the following operations: virus loading,
virus capture, virus puriﬁcation, cell lysis, plus RT and
stationary PCR (48). In addition, micropumps, micro-
valves, micromixers, microcoils, ﬁlm-resistive heaters and
ﬁlm temperature sensors were integrated on the chip.
Another system developed by Hashimoto et al. possessed
following capabilities: continuous-ﬂow PCR, LDR and
hybridization (60). Other integrated PCR chips have also
been investigated (see Table 2). The stationary chamber
PCR seems to be preferred for integrated systems
when compared to the continuous-ﬂow PCR system.
This might be due to an increased simplicity in sample
handling and structure designing for the former system.
The most commonly integrated physical elements are ﬁlm-
resistive heaters, ﬁlm-temperature sensors, micropumps
and microvalves (see Table 2).
Although the partially integrated PCR chips have been
successfully developed, the PCR-based ‘complete’ lab-on-
a-chip still requires further development. The bottlenecks
blocking the realization of a truly and highly integrated
PCR chip include on-chip pre-PCR sample preparation
and on-chip PCR product detection. Since the source of
raw template samples is varied and the sample preparation
methods are diverse, the miniaturization of conventional
sample preparation and functionalities on a chip remains
Table 2. Integrated operation and components of miniaturized PCR chips
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detection, the bulky optical detection systems such as
charge-coupled device (CCD) and LIF are diﬃcult to
miniaturize onto a single chip. However, along with the
development of MEMS technology, the optical-MEMS
apparatus such as optical ﬁber, LED and PMT can be
applied onto the PCR chip to realize a portable DNA
analysis device (37,40).
BIOLOGICAL SAMPLES USED IN PCR CHIPS AND
POTENTIAL APPLICATIONS OF PCR CHIPS
Starting DNA/cDNA samples used in PCR chips include
bacterial genomic DNA (for example, Escherichia coli
(E. coli) (17,39,42,51,54,58,68), Salmonella typhimurium
(S. typhimurium) (26), Bacillus anthracis (B. anthracis)
(30), cyanobacterial genomic (11), Streptococcus pneumo-
niae (S. pneumoniae) (38,47), Staphylococcus aureus
(S. aureus) (47), Streptococcus pyogenes (S. pyogenes)
(47), Neisseria meningitides (N. meningitides) (47), Bacillus
cereus (B. cereus) genomic (57,62,63) DNA), viral genomic
DNA (for example, human papilloma virus (HPV) (23),
hepatitis C virus (HCV) (42,70), hepatitis B virus (20),
human immunodeﬁciency virus (HIV)-1 (33), Dengue II
virus (89), Haemophlius inﬂuenzae (H. inﬂuenzae) (47) and
severe acute respiratory syndrome (SARS) (28) DNA),  
phage DNA (13), yeast genomic DNA (53), human
genomic DNA (11,17,22,32,60) and others
(31,32,50,53,69,77).
For RNA analysis, cDNA are reversed transcription
from the corresponding RNAs. They may include cDNA
from sorted CD19+ malignant B cells (52), cDNA from
brain tissue from transgenic GFAP–GFP mice (80),
cDNA from human breast cancer cell lines T47D (71),
cDNA from human heart and human liver samples (78)
and inﬂuenza viral cDNA (32).
In order for a PCR microﬂuidic chip to have value in
clinical diagnostics or genetic proﬁling analysis, it must be
capable of accepting the crude biological samples
(other than puriﬁed DNAs) as an analytical target, such
as cells, total RNA, virus, whole blood, urine, sperm, or
nasal aspirate (see Table 3). As seen from a wide range
of biological samples being on-chip ampliﬁed and
analyzed, the PCR chips could be used for broad
applications including molecular diagnostics of diseases
(10,32,43,47,60), gene expression analysis (35,71,78,92,93),
forensics, environmental testing, food safety testing and
biothreat sensing. For example, the PCR/LDR/hybridiza-
tion chip reported by Hashimoto et al. has been used to
detect low-abundant DNA mutations in gene fragments
(K-ras) that carry point mutations with high diagnostic
value for colorectal cancers (60). The lowest mutant:wide-
type ratio that could be detected by this chip was up to
1:80, and the total assay time was  50min, including
18.7min for PCR, 8.1min for LDR, 5min for hybridiza-
tion, 10min for washing and 2.6min for ﬂuorescence
scanning (60). Since the sample preparation processes
have been integrated on a single chip, along with the
robust product detection techniques, the total analysis
process can be completed within less than 25min (less than
10min for DNA extraction, 11min for PCR and less than
3min for injection, CE separation and detection) (27).
In addition, due to high integration and miniaturization of
PCR chips, the biological sample and costly reagent
consumption, as well as the possible contamination
resulting from manual processes can be decreased. In
principle, the PCR chips can be applied in any ﬁeld where
minute amounts of nucleic acid sample needs to be rapidly
ampliﬁed and subsequently analyzed.
PRACTICAL ISSUES RELATED TO THE
DEVELOPMENT OF PCR CHIPS
Despite great progresses in many aspects of PCR chips
that have made them a central part of mTAS, PCR chips
also face some practical issues. First, due to the
complicated MEMS process, many PCR chips are
relatively expensive and thus not disposable. Therefore,
Table 3. Examples of integrated PCR chips that can accept the crude biological samples
Crude biological samples accepted on-chip Approaches to processing
crude samples on-chip
References
E. coli K12 MG1655 cells (31)
S. pneumoniae cells Thermal lysis (45)
Whole blood or sperm cells m-SPE (29)
E. coli cells Thermal lysis (14)
Bacterial cells (Streptococcus mutans,
Staphylococcus epidermidis and E. coli BL21) and HBV
Laser-irradiated magnetic
bead system (LIMBS)
(16)
Listeria monocytogenes cell lysate m-SPE (37)
E. coli cells or total RNA, and human breast total RNA Reverse transcription (35)
Dengue virus type-2 and enterovirus 71 (EV 71) RNA Reverse transcription (46)
Dengue virus serotype 2 and enterovirus (EV) 71 viruses Antibodies-conjugated magnetic
bead capture and reverse
transcription
(48)
Human whole blood Micropillar array ﬁlter (21)
White blood cells or whole blood from a patient’s blood m-ﬁlter (65)
Mice whole blood, and Nasal aspirate from a
patient symptomatic of whooping cough
m-SPE (27)
Urine samples from renal transplant patients (43)
4234 Nucleic Acids Research, 2007, Vol. 35, No. 13cross contamination between samples is diﬃcult to avoid.
Second, fully integrated PCR chips are diﬃcult to make.
Many PCR chips can only perform the DNA/RNA
ampliﬁcation. The development of the highly integrated
PCR chips is limited by complicated design and fabricat-
ing process. Third, the product detection methods have
not advanced as rapidly as other aspects of chip develop-
ment. Most of the PCR chips still utilize the conventional
gel electrophoresis techniques to detect the products. With
the decrease in PCR volume, detecting the products by
this technique becomes a challenge. Fourth, intellectual
property issues, which may limit the ability to combine
diﬀerent technologies in a single system have yet to be
fully explored. Finally, when PCR chips become widely
used clinically, ethical issues such as genetically-ally-based
employment discrimination will become more urgent and
protection legislation will need to be considered.
SUMMARY
Our survey of recent literatures on miniaturized PCR
chips concludes that such PCR chips have been well
developed and have found important applications in
miniaturization techniques. The autonomous or quasi-
autonomous high-speed implementation of nucleic acid
ampliﬁcation and analysis in the case of a small-volume
biological sample will provide continued impetus for the
development and improvement of miniaturized PCR
chips. Although the PCR chip provides many advantages
over the conventional PCR device, the miniaturization
also raises some challenging issues. Thus, many problem-
solving strategies are required to tackle challenges such as
adsorption of the reagents to the chip surface, being prone
to evaporation of the sample solution and formation of
gas bubbles, the requirement of precise temperature
control and the patent dispute. Despite these obstacles,
the potential of miniaturized PCR, as a future nucleic acid
ampliﬁcation and analysis tool, is still attractive. As the
development of PCR chips continues, newly designed
microstructures should make a full use of the better
MEMS procedures to meet the requirements of each
bioassay procedure to enable them to be widely custom-
ized to accomplish speciﬁc bioassays.
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